Many Bumble bee (Bombus) species are in decline and conservation efforts must be undertaken now to lessen or reverse the trend. For effective efforts to occur, the first step must be an accurate assessment of extinction risk. Yet only four of over forty Canadian Bombus species have been assessed by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC), despite evidence of decline for numerous species in this genus. Here, we evaluated the status of the American Bumble bee, Bombus pensylvanicus De Geer 1773 in Canada. A challenge with species assessments is obtaining adequate occurrence data temporally and spatially. Citizen science is a field where volunteers can collect data similar to that of experts over a broader coverage than researchers could often cover alone. We used data from the Bumble Bee Watch citizen science program, a database of North American Bombus records representing field survey and collection records from the late-1800s, and our own field surveys to evaluate the status of B. pensylvanicus in Canada using the International Union for the Conservation of Nature (IUCN) Red List assessment criteria. We found that B. pensylvanicus' Area of Occurrence has decreased by about 70%, its Extent of Occurrence by 37%, and its relative abundance by 89%, from 2007 to 2016 as compared to . These findings warrant an assessment of Critically Endangered using IUCN Red List criteria for B. pensylvanicus in Canada. Our findings will help inform management of B. pensylvanicus and exemplify the importance of citizen science programs for wildlife conservation.
Introduction
Effective conservation management of at-risk species requires the important first step of an accurate assessment of extinction risk (Rodrigues et al. 2006; Mace et al. 2008; Cardoso et al. 2011; Colla 2016) . Currently in Canada, there are several federal and provincial policies considering pollinator conservation management (Parliament of Canada 2015; Government of Ontario 2016; Agriculture and Agri-Food Canada 2017; Health Canada 2017) . This is a considerable improvement since an earlier review found no real protection for pollinators in the legislation (Tang et al. 2007) . In this paper, we focus on how, despite evidence of decline at various scales throughout its range and assessment of Vulnerable by the IUCN Red List (Hatfield et al. 2015c) , an assessment of extinction risk in Canada has not yet been completed and made available for government and public consideration for the American Bumble bee, Bombus pensylvanicus De Geer 1773.
Bombus pensylvanicus is widespread in eastern, central, and western US, and can be found in several Mexican states (Williams et al. 2014) . In Canada, it is known from southern Ontario and Quebec (Williams et al. 2014 ); a previous record of it from Alberta as shown in Williams et al. (2014) was determined to be a misidentification (personal communication, C. Sheffield, Curator of Invertebrate Zoology, Royal Saskatchewan Museum). Bombus p. sonorus is found in the southwestern United States and has a lighter colour pattern than B. pensylvanicus in the east; the two groups appear to separate out in preliminary DNA barcoding analyses, but as there are potential intermediary groups not yet barcoded, we follow the treatment of Williams et al. (2014) by including B. p. sonorus as a subspecies of B. pensylvanicus (Williams et al. 2014) .
Bombus pensylvanicus is a grassland species associated with open fields and farmlands (Colla and Dumesh 2010; Williams et al. 2014) . In its Canadian range, it is a late-emerging species that tends to nest on the surface of the ground amidst long grasses, occasionally nests above ground, and only rarely nests underground (Wyatt 1970; Macfarlane 1974; Macfarlane et al. 1994; Colla and Dumesh 2010; Williams et al. 2014 ). This species tends to have smaller colonies (average of 33 new queens and 132 workers and males produced per colony) relative to congeners (Macfarlane et al. 1994) . It is also more aggressive than those Bombus species that nest underground (Macfarlane et al. 1994) , as has been seen in some but not all other surface-nesting Bombus (Macfarlane et al. 1994; Schweitzer et al. 2012 ) potentially because of the increased predation risk these nests face. The aggression may also depend on the sub-genera and location, with researchers indicating species such as B. pensylvanicus and others in the Thoracobombus subgenus being aggressive in North America but not in Britain (Cameron et al. 2001) . In Ontario, queens first appear in mid to late May, with workers appearing within a month; males emerge in August and new queens emerge from late August to September, with the colonies wrapping up by the end of September (Wyatt 1970; Macfarlane et al. 1994) .
The Mixed-wood Plains Ecozone is contained primarily (73%) in the southern portion of Ontario, but also extends into the extreme southern portion of Quebec (ESTR Secretariat 2016) . It represents approximately 8% of Ontario's landmass yet contains about 92% of its human population, which is reflected in the dense coverage (68%) of anthropogenic land uses types, particularly agricultural, in that Ecozone (Ontario Biodiversity Council 2010 Statistics Canada 2016) . While it is amongst the most species-rich regions of Canada, 73% of all Ontario species of conservation concern and 75% of its rare ecosystems are located in this Ecozone (Ontario Biodiversity Council 2010) . Threats to species in this area include habitat loss, invasive alien species, human population growth, pollution, unsustainable land use, and climate change (Ontario Biodiversity Council 2010 ESTR Secretariat 2016) .
Although Bumble bees are known to live in patchy habitats (e.g. agricultural areas, urban areas), isolated or poor quality habitats may not be able to support Bumble bee populations (Hatfield and LeBuhn 2007; Iles et al. 2018) .
Additional threats to Bumble bees like B. pensylvanicus may include parasites and pathogens, such as the fungal pathogen Nosema bombi, including those spread from managed commercial Bumble bee and honeybee colonies (Colla et al. 2006; Hoffmann et al. 2008; Otterstatter and Thomson 2008; Gillespie 2010; Cameron et al. 2011a Cameron et al. , 2016 Szabo et al. 2012; Graystock et al. 2016) . Pesticides have been and still are a threat to bees, from past use of organophosphorus and carbamate compounds (Kevan 1975; Kevan et al. 1984 Kevan et al. , 1997 to the current widespread use of systemic neonicotinoid insecticides and fungicides; neonicotinoids have been used increasingly since the 1990 s with mounting evidence showing negative impacts on Bumble bees, particularly sub-lethal effects (Gill et al. 2012; Szabo et al. 2012; Whitehorn et al. 2012; Godfray et al. 2014 Godfray et al. , 2015 Goulson 2015; Lundin et al. 2015; Wood and Goulson 2017) .
Conservation assessments require occurrence data from all parts of a species' range, which can be a challenge for species with a large distribution. These assessments also require data coverage across time. Citizen science is a growing field that may help to increase data collection as volunteers can collect data similar or identical to that of experts, particularly as programs become more accessible through the use of the Internet and technology (websites, photos, smartphone apps, etc.) (Silvertown 2009; Conrad and Hilchey 2011; Follett and Strezov 2015) . The success of the program and quality of data does depend on the complexity of information being collected and skills needed (Kremen et al. 2011) .
Although most insect taxa require physical specimens to be collected in order for identifications to be made (Kremen et al. 2011) , Bumble bees can sometimes be identified to species by photos (Lye et al. 2012; Richardson et al. 2019; van der Wal et al. 2015; Beckham and Atkinson 2017;  The Xerces Society for Invertebrate Conservation, Wildlife Preservation Canada, York University, et al. 2017) . For example, 75% of the Bumble bee observations submitted to the iNaturalist Vermont site were identified to species through photos (Mcfarland et al. 2016) , and, as of January 31, 2018, 86% of all Bumble bee observations that had been submitted to Bumble Bee Watch and reviewed by an expert were identified to species (those records that were assigned a tentative identification were considered to not be identified to species, and both pending and invalid submissions (those that were not actually Bumble bees) were excluded from this analysis) (The Xerces Society for Invertebrate Conservation, Wildlife Preservation Canada, York University, et al. 2018) .
Previous work in the UK with the BeeWatch program (Lye et al. 2012; van der Wal et al. 2015) , the Texas Bumblebees Facebook page, and the iNaturalist Bees and Wasps of Texas project (Beckham and Atkinson 2017) suggests that citizen science projects based on photo submissions of bees can capture data complementary to that collected by experts and assist in learning more about, and tracking changes to, species over time. Bumble Bee Watch is a web-based citizen science program where participants photograph Bumble bees anywhere in North America, upload the photos and relevant site information to a website or through a hand held device, and work through an interactive identification key to arrive at a species name, which experts then verify (The Xerces Society for Invertebrate Conservation, Wildlife Preservation Canada, York University, et al. 2017) . We used this data set in conjunction with expert-collected data to aid in the assessment of conservation status for B. pensylvanicus in Canada using the IUCN Red List criteria.
Methods

Data compilation
We obtained data from three sources for Ontario and Quebec, dating to the end of 2016: 1) The Bumble bees of North America (BBNA) database; 2) Records from the Bumble Bee Watch citizen science program already verified by experts, particularly 2014-2016; and 3) Field surveys conducted by the authors dating to the early 2000s, particularly 2013-2016, excluding those records already incorporated into the BBNA database.
Bumble bees of North America (BBNA) database
LLR maintains a database of North American Bumble bee species records assembled from numerous private, research, and other collections (see http://www.leifr ichar dson.org/ bbna.html). This dataset was originally assembled to support the development and publication of the Bumble bees of North America (Williams et al. 2014) , with new records added each year to support a variety of species status assessments (e.g. IUCN North American Red List Bombus Assessment (Hatfield et al. 2015b (Hatfield et al. , 2015c (Hatfield et al. , 2015d We excluded duplicate occurrences found in the data set, as well as those found in other data sets used in the project, including some of SRC's research collections and Bumble Bee Watch data. Records with missing or incorrect geographic coordinates as determined by a visual review of the data were updated based on label data or removed. We further updated three records erroneously identified (as determined by SRC) as B. pensylvanicus from Grassy (Reed) Narrows (two records) and Thessalon (near Sault St. Marie) (one record) to be Bombus sp.
Bumble Bee watch data
All records submitted to the Bumble Bee Watch citizen science program that had been verified by experts to date were exported on May 12, 2017. This included 78 records from Quebec and 2092 records for Ontario (2170 total). Data were screened and corrected as described per the BBNA database.
MacPhail and colla field surveys
Bumble bee surveys by the authors and colleagues were conducted at sites in southern and central Ontario and the extreme south of Quebec over the last decade (see Table  ESM Bees were usually collected using sweep nets, identified, and released at the end of the survey period, although some were identified on the wing. Photos were also taken of some specimens for later review. Identification was based on keys in Laverty and Harder (1988) and Williams et al. (2014) , as well as comparison to physical specimens in reference collections held at the University of Guelph and York University. Bumble bee data were also collected from pollinator surveys completed in 2010-2011 in Algonquin Provincial Park (Nardone 2013) . Data collected by the authors previously incorporated into the BBNA database are not included in this source category to avoid repeating the same datum.
Data summary
After data compilation and cleaning, there were 34,221 Bombus records from 1907 to 2016 over all three data sets (Table 1) . While the majority of Bombus records were from southern Ontario, southern Quebec and central Ontario also had fair representation, while the northern regions had few observations (Fig. 1) . Despite the extensive data set and survey effort, B. pensylvanicus was only found from southern Ontario and extreme south-western Quebec (Fig. 1 ).
Data were limited and categorized into historic and recent time periods (Table 1 ). The 1907-2006 period was chosen to provide a one hundred year historic period (152 total Bombus records pre-1907 were excluded from the BBNA dataset, including 4 B. pensylvanicus), which provides an extensive baseline for comparison to modern times. period meets the IUCN red list criterion A2 (population reduction) that required declines to have been observed over the last 10 years (IUCN 2012a; IUCN Standards and Petitions Subcommittee 2016) .
Records that did not have a year associated with the observation but were known to occur pre-2007 (based on data associated with the record, such as the collector name or date the identification was determined) were included in the timeframe for analyses where possible. For example, these data were included for calculations of Extent of Occurrence and changes in relative abundance between the two main periods (as they were known to have occurred pre-2007), but not for calculations of relative abundances per decade (as they could not be assigned to a specific decade).
Limiting of all Bombus spp. data to B. pensylvanicus range extent
We used ArcGIS 10.5 (ESRI 2016) to build a minimum convex polygon around the 1907-2016 Canadian observations of B. pensylvanicus (see Table ESM .2 for a Table 1 ). The resulting subset of data included 7579 historic records and 11,895 recent records (Table 2) , with the number of observations and relative abundance varying by decade (Table 3) .
Analysis of data
IUCN criteria
We use the globally recognized, standardized, and comprehensive IUCN Red List Criteria (Rodrigues et al. 2006; Mace et al. 2008; IUCN 2012a ; IUCN Standards and Petitions Subcommittee 2016) specifically their regional guidelines (IUCN 2012b ) to calculate the conservation status or risk of extinction for B. pensylvanicus. As per the assessment process described in IUCN (2012b) and IUCN Standards and Petitions Subcommitee (2016) , each criterion (e.g. population reduction, small geographic area) was evaluated if possible, and the highest threat category (e.g. Endangered vs Vulnerable) from all of these evaluations was assigned to the species. We focused on IUCN Criterion A2, which relates to population reduction (measured over the last 10 years) observed, estimated, inferred, or suspected in the past where the causes of reduction may not have ceased or may not be understood or may not be reversible. A2b is an index of abundance appropriate to the taxon, for which we have used relative abundance relative to historic values to evaluate. A2c relates to a decline in Area of Occurrence, Extent of Occurrence, or habitat quality: we use both Area of Occurrence and Extent of Occurrence here. For each A2 category, population reduction must be ≥ 80% to be critically endangered, ≥ 50% to be endangered, or ≥ 30% to be vulnerable.
To calculate changes in spatial distribution, we calculated the Area of Occurrence (AOO) and Extent of Occurrence (EOO) for each of the two B. pensylvanicus data sets as previously described (historic 1907-2006 and recent 2007-2016 periods) . The EOO is measured as the area within the smallest boundary that can be drawn around the edge of all known or expected occurrences, while the AOO is a measurement of the space a species actually occupies, based on the number of 2 km wide grid cells that it occupies within the EOO (IUCN 2012a). Each data set was imported into the online GeoCAT geospatial conservation assessment tool (Bachman et al. 2011) , which provided calculated values for AOO and EOO based on a minimum convex hull polygon. The GeoCat results do include portions of the Great Lakes, which are not habitat for Bumble bees. The inclusion of these areas of unsuitable habitat in the calculations for EOO is encouraged by some authors (Gaston and Fuller 2009; Bachman et al. 2011 ) and in the GeoCAT program itself (Royal Botanic Gardens Kew 2017), which reference the discussion about the difference in EOO versus AOO (the AOO does not include any grid cells the species does not occur in so by default does not include areas of unsuitable habitat). While the IUCN indicates that either method is acceptable (IUCN 2012a), other authors, such as Hatfield et al. (2015a) indicate that these areas should be removed.
We therefore also calculated Extent of Occurrence in Arc-GIS (ESRI 2016) using the minimum bounding geometry tool (with convex hull option) to calculate the area with and without the Great Lakes, to determine if the inclusion of these discontinuities or disjunctions affected the final status assessment. We found that the two ArcGIS approaches resulted in a similar final change in EOO and was also similar to the GeoCat approach (see Table ESM. 3). Thus, we will present results following the GeoCat approach in this paper.
Relative abundance can be used to compare data sets with unequal sample sizes, and to evaluate changes over time Hatfield et al. 2015a; Jacobson et al. 2018; Richardson et al. 2019) . To calculate changes in the relative abundance of B. pensylvanicus before and after 2007, the total number of B. pensylvanicus observations was divided by the total number of all Bombus observed in that period (1907-2006 and 2007-2016 , and each individual decade). Linear regression was used (IUCN 2012b) ), the ability of the species to move across the landscape must be considered. While the dispersal distances of B. pensylvanicus specifically and Ontario Bombus generally are unknown, it could be up to 10 km per year based on that of other Bombus species (Kraus et al. 2009; Colla 2017) . Rescue must therefore be from US states adjacent to Canada and not from other parts of B. pensylvanicus' North American range. However, the rescue effect also depends on how the species is doing in the adjacent areas: if it is declining there, it will not likely to be able to help rescue the Ontario and Quebec populations. We evaluated the nearest states and their NatureServe (2015) ranking of status for this section. If it is found that a rescue effect could occur, then the Red List assessment should be downlisted by one category (e.g. from critically endangered to endangered) (IUCN 2012b).
Natural history information for B. pensylvanicus
In addition to analyses related to declines, we also compiled information about B. pensylvanicus' biology and natural history from this data set. This included emergence periods of each caste, flight periods, and forage plants: important information for conservation efforts.
Results
Change in AOO, EOO
The Area of Occurrence for B. pensylvanicus declined by over 204 km 2 or about 70% of its previous range (Table 4) , and the Extent of Occurrence for B. pensylvanicus declined by over 38,000 km 2 or about 37% of its previous range (Fig. 3, Table 4 
Rescue effort
The nearest states to the Canadian range of B. pensylvanicus, and their NatureServe (2015) subnational (S-rank) status rankings are: Maine (SH-possibly extirpated (historical)), Vermont (S1-critically imperiled), New York (S1-critically imperiled), Pennsylvania (SNR-not ranked), Ohio (no NatureServe listing), Michigan (SNR-not ranked). Bombus pensylvanicus is therefore considered to be in severe straits (extirpated or critically imperiled) in all of the adjacent states that have been ranked. It is possible that the unranked (SNR) populations are also at risk as a query of the BBNA database for the adjacent states shows only 13 recent observations (since 2006) of B. pensylvanicus (personal communication, L. Richardson, Gund Institute for Environment, University of Vermont). As well, a recent continent-level status assessment for NatureServe found that B. pensylvanicus has been uplisted to G3 (personal communication, L. Richardson, Gund Institute for Environment, University of Vermont) from G3G4 (NatureServe 2015). The overall rescue effect from the United States is therefore believed to be limited, and thus no adjustment to the calculated IUCN Red List regional assessment needs to be made (i.e. no uplisting or downlisting of categories).
Application of IUCN criteria
By applying the IUCN Red List Regional Guidelines to our assessment of this species, we find that it merits a status of critically endangered A2b due to a decline in relative abundance of over 80% (Table 6 ). Criterion A2c alone would merit a status of Vulnerable with a decline of over 30% in range size for EOO or Endangered for over 50% in range size for AOO (Table 6 ). While A2e also applies due to the suspected influence of introduced parasites and pathogens, including from commercial Bumble bee colonies and honeybee colonies (Colla et al. 2006; Otterstatter and Thomson 2008; Cameron et al. 2011b Cameron et al. , 2016 Szabo et al. 2012; Graystock et al. 2016) , this was not able to be quantified for the purposes of this study.
Other criteria were not applied as they were not relevant. For example, criterion B, C, and D were not relevant to B. pensylvanicus as the species has too great an EOO, population size, and number of locations, and E was not relevant as the criterion requires a 50% probability of extinction in the wild in the next 10 years, which is unlikely to happen based on current population size and trend.
Natural history information
The earliest spring record of B. pensylvanicus was May 15 and the latest record was October 5, with the most records reported in August (avg 1.1 bees per month per year ± 0.34 SE) (Fig. ESM.2) . Unsurprisingly, workers were the most common caste recorded (56% of records), followed by queens and males (Table ESM.5). Queens begin to emerge in May and can be found through October (Fig. ESM.3 ). Workers emerge in June and males begin to emerge in July, with both still being found through October (Fig. ESM.3 ).
Very few records (9.2% or 32 of 329) actually had information about what plant the bee was collected off of so it is difficult to make any declarations about preferred host plants. The forage plant was only recorded for 31 observations and 1 record was noted as flying by. Although the most commonly visited species was Vicia cracca (cow vetch), this may be a site-specific finding as 19 of the 22 observations were from same the site. The other plant species noted included Centaurea maculosa (1 record), Cirsium vulgae (2 records), Monarda fistulosa (4 records), Stachys byzantini (1 record), and Trifolium pratense (1 record).
Discussion
Many Bumble bee species are currently in decline and conservation efforts must be undertaken now to lessen or reverse the trend. For effective efforts to take place, the first step must be an accurate assessment of extinction risk. Bombus pensylvanicus is just one species that has not yet been assessed by provincial or federal governments in Canada yet we found it to be Critically Endangered. A global risk assessment (Hatfield et al. 2015c ) for B. pensylvanicus previously found it be Vulnerable, according to the IUCN Red List criterion A2be based on a > 30% reduction in population using relative abundance and persistence measurements, as well as a decrease in range and with the documented threat of pathogens. Hatfield et al. (2015c) had actually calculated a 51% reduction, which leads to an Endangered listing, but downlisted their assessment as they believed a Vulnerable listing was more representative of the true decline of the species. However, with B. pensylvanicus' smaller range in Canada, the rapid declines seen in other Canadian Bumble bee species (e.g. B. affinis and B. bohemicus) (COSEWIC 2010 , COSEWIC 2014a Environment and Climate Change Canada 2016; Colla 2017) , the knowledge that Bumble bee colonies at northern latitudes tend to have smaller colonies (Yalden 1982; Donovan and Wier 1984; Williams 1988; Macfarlane et al. 1994) and with climate change shown to be limiting rather than allowing a northward range expansion or elevational shift by Bumble bees (Kerr et al. 2015; Pyke et al. 2016 ), a more protective stance needs to be taken here in order to prevent extirpation.
Our study was the first to combine citizen science data with expert-collected and historic data to examine the status of a Bumble bee species across its Canadian range (citzen science data has been used for Bumble bees in Vermont (Richardson et al. 2019) , Texas (Beckham and Atkinson 2017) , and the UK (Lye et al. 2012 (Zayed and Packer 2005; Colla et al. 2006; Colla and Packer 2008; Hoffmann et al. 2008; Cameron et al. 2011b; Szabo et al. 2012; Burkle et al. 2013; Goulson et al. 2015; Hatfield et al. 2015c; Kerr et al. 2015; Colla and MacIvor 2016; Pyke et al. 2016) . Indeed, these factors may effect species and populations differently or have synergistic or antagonistic effects. Additionally, Bumble bees with more specialized or narrower niches, as well as those at the edges of their ranges (thus including B. pensylvanicus), may be more vulnerable to decline than others (Williams et al. 2007; Arbetman et al. 2017) , even without the stressor of climate change that is already causing Bumble bee species ranges to contract from the south, not expand to the north, and to not shift in elevation (Kerr et al. 2015; Pyke et al. 2016 ). While it is not clear if this is the reason for the decline in B. pensylvanicus (particularly considering the fact that it's declining even in historically strong and central parts of its range), it does mean that conservation efforts must focus on supporting current populations and not anticipating immigration from the south or movement north.
Not all Bumble bee species are declining in Canada and globally, and there are trends to suggest that certain phylogenies may be more susceptible than others (Arbetman et al. 2017) . Globally, the Thoracobombus subgenus of Bumble bees has been shown to have proportionally more species in decline than other subgenera (Arbetman et al. 2017) . Bombus pensylvanicus is a member of the Thoracobombus subgenus, which also includes B. fervidus Fabricius (Williams et al. 2014) , another grassland species shown to be Vulnerable across its range in North America (Hatfield et al. 2015b) but not yet assessed in Canada (Hatfield et al. 2015b) . In Canada, the Bombus subgenus has been noted to be strongly in decline. Currently four Bumble bee species have been assessed by the Committee on the Status of Wildlife in Canada, and all have been found to be at risk of extinction. Three of these species, B. affinis, B. occidentalis Greene, and B. terricola, are all from the Bombus subgenus (Williams et al. 2014) , while the fourth species, B. bohemicus (from the Psithyrus subgenus) is a social parasite of bees of that subgenus (COSEWIC 2010 (COSEWIC , 2014a (COSEWIC , b, 2015 . This suggests that there are differences in the evolutionary history of Bumble bees that are making some more vulnerable to stressors than others (Arbetman et al. 2017) .
In Illinois, Lozier and Cameron (2009) found that B. pensylvanicus had lower genetic diversity than B. impatiens Cresson, as was found in later broader studies (Cameron et al. 2011b; Lozier et al. 2011) . However, when a restriction site-associated DNA sequencing (RADseq) technique was used as compared to the previous microsatellite-based analyses, Lozier (2014) found little difference between these two species. Bees are known to experience rapid loss of diversity with a resulting increased risk of extinction with decreased population size and inbreeding due to the haplodiploid system of sex determination Hymenoptera have (Zayed and Packer 2005) . Thus their populations can crash quickly, and action must be taken sooner rather than later to recover them. Cameron et al. (2011b) and Gillespie (2010) found that declining species of Bumble bees, including B. pensylvanicus, had higher levels of the parasite Nosema bombi than stable species, although interestingly, Arbetman et al. (2017) found the opposite, that common species were more likely to carry parasite loads than declining ones. Gillespie (2010) found that there was no significant difference in conopid parasitism between rare species like B. pensylvanicus and common species, although there were significantly lower Crithidia parasitic infections in the rare species. It is possible that spill-over of Nosema from managed Bumble bee pollinators in greenhouses to wild populations (Colla et al. 2006; Otterstatter and Thomson 2008 ) is causing declines, as the decline in B. pensylvanicus was correlated with high densities of vegetable greenhouses (Szabo et al. 2012) . Gillespie (2010) noted that sites over 3 km from any potential managed Bumble bee colony still showed high Crithidia and Nosema infection levels. A study in Southern Ontario and Quebec by Cheryomina (personal communication, M. Cheryomina (unpublished draft MSc thesis, York University, 2015) found no Nosema infection in six uncommon species, including B. pensylvanicus, while it was present in five common species; similarly, she found no tracheal mites in the uncommon species and only one individual of a declining species with conopid fly parasitism. It is possible that Cheryomina's and Gillespie's results were influenced by small sample size, with each study having less than ten individuals of each the uncommon species sampled (including B. pensylvanicus) as compared to the range of 5-379 (Cheryomina) and 7-557 (Gillespie) individuals of each species investigated overall. It is also possible that common species have more resistance or tolerance to these parasites, thus carrying them while still foraging, while declining species may not survive the infection and thus infected workers would not be found (Arbetman et al. 2017) . Therefore the connection between infection and species decline is still uncertain.
As B. pensylvanicus is a grassland species, the extensive loss of grasslands in Ontario may be one reason why this species is in decline (Colla and Dumesh 2010; Ontario Biodiversity Council 2010 Hatfield et al. 2015c) . A visual assessment using Google Maps and Google Streetview (Google 2018) of the habitat around the recent sites documented in this study found that 73% were located in, or within 500 m of, a grassland/old field area (including one pasture site), with an additional 18% of sites in, or within 200 m of, a large city park and/or a large riparian area. The remaining 10% of sites were either in an intense agricultural area (1 site) or urban area (1 site), with the latter just over 600 m from a riparian area. Bombus pensylvanicus was reported to use many anthropogenic sites (e.g. edge of agricultural fields, sheds, lofts) when it was more common (Macfarlane 1974; Macfarlane et al. 1994) , which suggests the lack of natural sites currently may not be a limiting factor, but this study suggests that the current Canadian populations seem to prefer open un-mowed areas.
In addition to general habitat needs, such as for nesting, sufficient foraging resources are critical for Bumble bee species (Colla and Packer 2008; Potts et al. 2010; Burkle et al. 2013; Goulson et al. 2015; Colla 2016) . Climate change can cause changes in phenology, or reduce the number of flowers or amount of flower provisions, in addition to effects of extreme weather events on plants and pollinators (Inouye 2008; Bartomeus et al. 2011; Kjohl et al. 2011; Goulson et al. 2015; Miller-Struttmann et al. 2015; Pyke et al. 2016) . The loss of forage plants, particularly for specialist species, may result in a decline of the pollinator species (León-Cortés et al. 1999; Johnson and Steiner 2000; Memmott et al. 2007; Burkle et al. 2013) . As a generalist species that has been known to feed on over 200 plant species (Macfarlane 1974; Colla and Dumesh 2010; Williams et al. 2014) , B. pensylvanicus could be thought resilient to the loss of some plant species, as a result of disturbances such as habitat loss or climate change. However, although B. pensylvanicus was the bee species with the most observed unique plant species interactions in an Illinois study in the late 1800s, it was only observed once, on one plant species a century later at the same area, despite an extensive survey effort and with many of the same plants being in existence (Burkle et al. 2013) . In our study, we only had information on plant forage for 31 B. pensylvanicus observations, but 71% of those were on Vicia cracca, a non-native species; interestingly, another recent study in southern Ontario found that at-risk Bombus, including B. pensylvancius, showed a preference for this species rather than native species in the same area as more common Bombus did, presenting an interesting conservation dilemma relating to planting of non-native species (Gibson et al. 2019) . More information about its plant preferences and nest sites will be important to gather to aid in conservation efforts.
Neonicotinoid pesticides are a class of pesticides that have increasingly been flagged as an area of concern in relationship to pollinator health, including Bumble bees (although there is still debate as to their role in declines) (Gill et al. 2012; Szabo et al. 2012; Whitehorn et al. 2012; Godfray et al. 2014 Godfray et al. , 2015 Goulson 2015; Lundin et al. 2015; Wood and Goulson 2017) . They have been used in Ontario since the 1990s in the agricultural industry in particular, with as much as 99% of all corn and 60% of all soybean seeds, representing about 4.9 million acres total, being treated with them annually (Government of Ontario 2014), although a regulation was introduced to try and limit the amount of crops treated starting in 2016 (Government of Ontario 2016). The area of the province these crops are grown in highest concentration includes the main region of B. pensylvanicus' range (Agricorp 2016a, b) .
Declines in populations of this species have been noted in other studies as well. For example, Giles and Ascher (2006) surveyed more than 1200 Bombus in the Black Rock Forest of New York and found no B. pensylvanicus, while Grixti et al. (2009) found that its range had decreased in Illinois and only represented 4.4% of all recent observations compared to 28.1% historically. Cameron et al. (2011b) did not find it across its' historical northern and eastern range in the United States, estimating a 23% reduction. Bartomeus et al. (2013) also found it to be in significant decline in the northeastern United States, and Richardson et al. (2019) found it to be in decline in Vermont. It was classified as data deficient in a recent 150 year evaluation of Bombus in New Hampshire as there were not enough recent records to be assessed (Jacobson et al. 2018 ). Colla and Packer (2008) intensively re-surveyed two areas of Ontario in 2004 previously surveyed in 1971 -1973 by Macfarlane (1974 , and found no B. pensylvanicus out of 1195 Bombus specimens, despite the species previous abundance of 2.5% (range 0-19.9% per site, according to Macfarlane (1974) ). Indeed when they expanded their analyses to all of Canada and the United States, Colla et al. (2012) found B. pensylvanicus was still present in only 34% of historically occupied and re-sampled 50 km × 50 km grid cells.
There are concerns with using relative abundance as a calculation to evaluate changes in populations, as it assumes the denominator (all Bombus spp.) does not change over time; i.e. only the species (B. pensylvanicus) being investigated should be changing (Bartomeus et al. 2013; Jacobson et al. 2018 ). However, we know with Bombus spp. in North America that this is not true, as some species like B. impatiens have actually increased over time, which would make everything else "rarer" compared to it, while other species, like B. affinis, have also decreased, further complicating the comparison (Colla and Packer 2008; Cameron et al. 2011b; Colla et al. 2012; Jacobson et al. 2018 ). However, other approaches (e.g. using species richness or presence/ absence data, comparing to stable species, modeling with all species weighted equally versus by percent or by number of individuals, standardizing survey effort, etc.) also have concerns, and relative abundance is still widely used by many authors (Cameron et al. 2011b; Colla et al. 2012; Bartomeus et al. 2013; Jacobson et al. 2018) .
Survey effort may also impact analyses. Area of Occurrence estimates, particularly at the IUCN recommended 2 km cell width, can be underestimated if cells exist where sampling has not occurred but the species exists (Royal Botanic Gardens Kew 2017); as B. pensylvanicus' range may cover grid squares where no surveys have (re-)occurred, we also used additional methods of determining status.
Relative abundance is a method that can help account for unequal sample sizes, but low search effort or biased surveys may cause differences in results. In this study, the decades beginning in 1927 and 1937 were unusual ones for relative abundance, as the value for the 1927 decade was much lower than the previous one beginning in 1917, before an extreme jump in relative abundance occurred for the next decade starting in 1937. However, the number of unique survey events and average number of bees collected per survey event do not show similar trends (Fig. ESM.4 (Fig. ESM.6 , ESM.7), this variation in effort is unlikely to have affected our analyses.
Regardless of the method used and variation in survey effort, the overall trend over time and comparison of the historic as compared to the recent data (particularly EOO and relative abundance) show that there has been declines in B. pensylvanicus that are cause for concern.
Additionally, this study focused on B. pensylvanicus in Canada, which is an arbitrarily delimited political area.
Calculations using data from this region has value particularly for national conservation efforts and assessments. It is possible that the addition of observations from adjacent areas in the United States may change these results. As indicated above, this species has shown to be in decline over its entire geographic range and in studies evaluating its current status. However, further research in the adjacent areas, such as those that do not currently have a Nature Serve ranking (NatureServe 2015), should be conducted to investigate this angle.
As is clear from above, further research into B. pensylvanicus' biology and threats is required as there is much not yet known. While broad conservation actions for the recovery of Bumble bees in general have been suggested (see e.g. Cameron et al. (2011b) for the final report of the 2010 North American Bumble bee Species Conservation Planning Workshop, and the Ontario Bombus recovery strategies (Environment and Climate Change Canada 2016; Colla 2017) , specific needs for this species still need to be identified (Hatfield et al. 2015c) .
Bombus affinis co-occurred with B. pensylvanicus in southern Ontario, and was listed as Extreme declines in relative abundance and moderate declines in Extent of Occurrence were seen for B. pensylvanicus in its Canadian range, meriting it a suggested IUCN rank of Critically Endangered. Citizen science data provided valuable coverage and can be used in assessments of other species, particularly in conjunction with historic museum specimens and researcher-led field work. Promotion of citizen science programs should therefore occur in order to increase the number of submissions, our knowledge of species, and an interest by the public through government agencies in conserving them. Data from this study can be used to support provincial and federal assessments, encourage habitat restoration and management efforts, effect policy related to commercial pollinators, and guide further research.
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